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Background: Several single nucleotide polymorphisms (SNP) have been identified to be 202 
associated with the risk for differentiated thyroid cancer in populations of distinct ethnic 203 
background. The relationship of these genetic markers to a benign tumor of the thyroid, 204 
follicular adenoma (FA), is not well established. 205 
Methods: In a multicenter retrospective case-control study, five thyroid cancer-related SNPs: 206 
rs966513 (9q22.33, FOXE1), rs944289 (14q13.3, PTCSC3), rs2439302 (8p12, NRG1), 207 
rs1867277 (9q22.23, FOXE1) and rs6983267 (8q24, POU5F1B) were genotyped in 959 cases 208 
of histologically verified FA, 535 papillary thyroid carcinomas (PTC), and 2766 population 209 
controls.  210 
Results: A significant association was found between FA and rs944289 (p = 0.002; OR = 211 
1.176, 95%CI 1.064–1.316), and suggestively with rs2439302 (p = 0.033; OR = 1.149, 95% 212 
CI 1.010 – 1.315). In PTC, significant associations were confirmed for rs965513 (p = 4.21E-213 
04; OR = 1.587, 95%CI 1.235–2.000) and rs944289 (p = 0.003; OR = 1.234, 95%CI 1.075–214 
1.408), newly found for rs2439302 (p = 0.003; OR = 1.266 95%CI 1.087–1.493) and 215 
rs1867277 (p = 1.17E-04; OR = 1.492, 95%CI 1.235–1.818), and was not replicated for 216 
rs6983267 (p = 0.082; OR = 1.136 95%CI 0.980–1.316) in this series. A significant 217 
correlation between rs2439302 genotype and relative expression of NRG1 was detected in 218 
normal and tumor counterparts of PTC (about 10% decrease per each risk allele). NRG1 219 
expression also significantly correlated with that of PTCSC3. 220 
Conclusions: Association of rs944289, which was previously known to confer risk for 221 
thyroid cancer, with FA, and the correlation between PTCSC3 and NRG1 expression 222 
demonstrates that predisposing genetic factors are partly common for benign and malignant 223 
thyroid tumors, and imply broader roles of the pathways they underlie in thyroid 224 
tumorigenesis, not limited to carcinogenesis.  225 
10 
Introduction 226 
Follicular adenoma (FA), a benign thyroid neoplasm, together with two types of 227 
well-differentiated thyroid cancer, the follicular thyroid carcinoma (FTC) and papillary 228 
thyroid carcinoma (PTC), are the most common tumors derived from thyroid follicular 229 
epithelium. The prevalence of PTC among thyroid malignancies is 85-90% and that of FTC 230 
about 10%, thus the ratio is approximately 9:1 (1). Variations in the prevalence may be 231 
observed between different geographic areas and ethnicities. In Japan, which is an iodine-232 
sufficient region, the prevalence of PTC in 2003 was 92.5% and that of FTC was 4.8%, with 233 
a ratio of approximately 19:1 (2). The prevalence of clinically detectable FA is likely to be 234 
intermediate between PTC and FTC since in surgical specimens, the FA to FTC ratio is about 235 
5:1 (3). 236 
FA displays morphological similarities (as well as dissimilarities) with differentiated 237 
thyroid cancers displaying a follicular growth pattern, especially with FTC and the 238 
encapsulated follicular variant of PTC with minimal nuclear changes. Genetic alterations 239 
described in both FA and malignant thyroid tumors include mostly RAS mutations (4-7) and 240 
PAX8/PPARG rearrangements (8). The commonality of certain morphological and molecular 241 
features between FA and well-differentiated thyroid cancer prompts the question whether 242 
inherited genetic markers, namely single nucleotide polymorphisms (SNP) conferring risk for 243 
thyroid malignancy, may also associate with benign thyroid tumors. 244 
Three genome-wide association studies performed in populations of European 245 
ancestry reported an association of rs966513 on chromosome 9q22.33 (upstream FOXE1, 246 
Forkhead box E1 (9,10)), rs944289 on 14q13.3 (NKX2-1, NK2 homeobox 1 neighborhood (9), 247 
later determined to regulate PTCSC3, Papillary thyroid carcinoma susceptibility candidate 3 248 
(11)) and rs2439302 on 8p12 (NRG1, Neuregulin 1 (12)) with well-differentiated thyroid 249 
cancer. Independently, rs1867277 at 9q22.23 in FOXE1 5’UTR (13,14) as well as rs6983267 250 
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on 8q24 (upstream POU5F1B, POU class 5 homeobox 1B) conferring risk for several cancers 251 
were found to be associated with PTC using a target gene approach (15-17). Two SNPs, 252 
rs965513 and rs944289, have been replicated in the Japanese population (18). However, until 253 
recently it was unknown whether any of these SNPs were associated with FA. The only study 254 
performed so far claimed a significant association between rs944289 and “benign thyroid 255 
tumor” (FA and hyperplastic nodules combined) in the Han Chinese population (19). Of note, 256 
whether genetic and pathogenic mechanisms underlying FA (a tumor) and a hyperplastic 257 
nodule (thyroid hyperplasia) are identical is not well understood, and these two types of 258 
lesions are histopathologically distinct entities.  259 
The primary goal of this work was to determine whether SNPs previously reported 260 
to confer risk for thyroid malignancy may also associate with FA.  For this purpose we 261 
genotyped 959 Japanese patients with morphologically verified FA and 2766 population 262 
controls for the five SNPs. To make a comparison with thyroid cancer, we analyzed 263 
genotypes of 535 Japanese patients with PTC, expanding our previous study (18). In addition, 264 
to understand the relationship of rs944289 and rs2439302 to the regulation of NKX2-1 and/or 265 
PTCSC3, and NRG1 expression, respectively, we analyzed matched normal thyroid and 266 
tumor tissues from 81 patients with PTC. 267 
 268 
Material and Methods 269 
Patients and a control cohort 270 
A total of 1162 formalin-fixed paraffin-embedded tissues from patients subjected to 271 
thyroid surgery between 1963 – 2011 for whom the diagnosis of FA was identified in the 272 
Nagasaki Tumor Registry files were collected from Nagasaki city hospitals and the National 273 
hospital organization Nagasaki Medical Center (Omura city); other participating centers were 274 
Kuma hospital (Kobe city) and Ishigaki clinic (Hamamatsu city).  275 
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Morphological diagnosis of FA was verified by experienced pathologists (A.B., 276 
M.N., M.I., T.H., T.B.) to exclude concomitant thyroid cancer and/or other types of thyroid 277 
nodules or nodular hyperplasia. Most slides (816/1162, 70.2%) were reviewed by at least two 278 
independent pathologists, and all slides were reexamined at least twice. After histological 279 
verification, 959 tissue specimens were confirmed as FA according to the WHO classification 280 
(20). A control population was sampled in Kyoto University (2766 blood specimens). Thirty-281 
eight samples obtained from patients with PTC operated between 2010 – 2013 in Nagasaki 282 
University Hospital were added to our previous series of 507 samples (18). A summary of 283 
patients and controls is presented in Table 1. 284 
The protocol of the study was approved by the ethical committees of all participating 285 
institutions. 286 
 287 
DNA extraction 288 
Genomic DNA was extracted from five 10 µm sections using a QIAamp DNA mini 289 
kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. All sections were 290 
taken from the blocks containing both FA tumor and normal thyroid tissue to ensure unbiased 291 
genotyping (21). DNA of sufficient quality and quantity (as measured with a Nanodrop ND-292 
100 spectrophotometer) was obtained from all 959 FA samples. DNA samples that displayed 293 
poor PCR amplification and/or ambiguous base call signal on direct genotyping (presumably 294 
due to chemical modifications caused by extensive fixation in formalin, and long sample 295 
storage/age) were treated with borate-NaOH buffer (pH11.0) as described before (22). 296 
Genomic DNA from frozen PTC samples was extracted using the Proteinase K/Phenol-297 




SNP genotyping 301 
Genotyping was performed with pre-designed custom ABI TaqMan SNP assays 302 
(functionally tested primer/probe sets are listed in Supplementary Table 1) in accordance with 303 
manufacturer’s guidelines on a Light Cycler 480 (Roche, Indianapolis, IN, USA) using 304 
TaqMan Genotyping Master mix (all reagents from Life Technologies, Foster City, CA, USA) 305 
and 10 ng genomic DNA per 10 µl reaction. Cycling conditions were as follows: denaturation 306 
at 95°C for 10 min followed by 50 cycles of [92°C for 15 sec and 62°C for 1 min] for all 307 
SNPs. 308 
The control set included 2764 genotypes for rs965513 and 2766 for rs944289, which 309 
were extracted from the genome scans obtained previously with Illumina Human610-Quad 310 
BeadChip arrays (18). For rs2439302, rs1867277 and rs6983267, 2766, 2724 and 2759 311 
genotypes, respectively, were imputed using genotypes of the International HapMap Project 312 
as reference. 313 
 314 
RNA extraction, cDNA synthesis and quantitative real-time PCR 315 
Total RNA was isolated from frozen tissues of normal and tumor counterparts of 81 316 
PTC cases with Isogen (Nippon Gene, Toyama, Japan). 25 μg of isolated RNA was treated 317 
with RNase-free DNase I (Qiagen, Valencia, CA, USA) for 20 min at room temperature, and 318 
cleaned up and concentrated using a RNeasy Micro Kit (Qiagen, Valencia, CA, USA). 5 μg of 319 
DNA-free RNA was reverse-transcribed using MuLV Reverse Transcriptase, random 320 
hexamers and RNase Inhibitor (all reagents from Applied Biosystems, Foster City, CA, USA) 321 
in a total reaction volume of 50 μl. Incubation was performed at 41ºC for 60 min followed by 322 
heat inactivation at 95ºC for 5 min.  323 
An aliquot of 2 μl of cDNA was used in 25 μl PCR reactions containing 12.5 μl of 324 
2xSybr Premix Ex Taq II (Takara, Otsu, Japan) and 400 pM of each primer for the target or 325 
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reference gene (POLR2A, polymerase (RNA) II (DNA directed) polypeptide A). All primers 326 
were designed using Primer Express 3.0 software (Applied Biosystems), Supplementary 327 
Table 2. 328 
The quantitative real-time PCR (qRT-PCR) amplifications for each gene were 329 
performed in duplicates in a Thermal Cycler Dice Real Time System II (Takara, Otsu, Japan). 330 
All samples were run under the same PCR cycling conditions: 95ºC for 30 sec, then 40 cycles 331 
[95ºC for 5 sec and 59ºC for 30 sec] followed by dissociation curve analysis to ensure the 332 
signal from target amplicon. The average of the relative quantity of replicates was calculated 333 
by the ∆∆Ct method with built-in software. 334 
 335 
Statistical analysis 336 
Differences between case-control groups for each SNP was examined using logistic 337 
regression analysis in the multiplicative model of inheritance adjusted for age and sex. The 338 
associations for each SNP were evaluated in terms of p-value, odds ratio (OR) and its 339 
corresponding 95% confidence interval. Heterogeneity of the OR between FA and PTC was 340 
estimated with Breslow-Day test using the FREQ procedure with the CMH option in the SAS 341 
system (version 9.2; SAS Institute, Cary, NC, USA). Relationships between gene expression 342 
levels in the grouped samples were assessed with Wilcoxon signed-ranks or Kruskal-Wallis 343 
test as appropriate. Multivariate linear regression analysis was applied to examine a 344 
correlation between NRG1 expression level and rs2439302 genotype, and NKX2-1 and 345 
PTCSC3 expression levels and rs944289 genotype.  346 
Unless otherwise specified, all calculations were performed using SPSS 17.0 347 
statistical software package (SPSS, Chicago, IL, USA). p-values less than 0.05 were regarded 348 




Association analysis of FA and PTC 352 
The number of samples that passed quality control, depending on the SNP, were 901 353 
– 933 (of 959) in the FA series, 486 – 535 (of 545) of the PTC, and 2759 – 2766 (of 2766) in 354 
the population controls. Corresponding genotype call rates per SNP ranged between 0.940 – 355 
0.973 in FA, 0.892 – 0.982 in PTC, and 0.997 – 1.0 in the controls (Supplementary Table 2).  356 
In FA, two of five SNPs, rs944289 (p = 0.002; OR = 1.176, 95% CI 1.064 – 1.316) 357 
and rs2439302 (p = 0.033; OR = 1.149, 95% CI 1.010 – 1.315) displayed associations (Table 358 
2). The latter, however, did not survive correction for multiple testing; therefore, its 359 
association with benign tumor should be considered suggestive.  360 
In PTC, four SNPs were significant. Genotypes determined in the current study were 361 
pooled with those from the previous investigation (18) yielding association signals for 362 
rs965513 (p = 4.21E-04; OR = 1.587, 95% CI 1.325 – 2.000) and rs944289 (p = 0.003; OR = 363 
1.234, 95% CI 1.075 – 1.408) (Table 2). The significance of associations for both SNPs 364 
became stronger as compared to our earlier report, likely due to the larger sample size (6.59E-365 
5 vs. 1.27E-4 for rs965513, and 8.82E-4 vs. 1.21E-2 for rs944289 if trend exact test is applied 366 
as in ref. 18). The newly assessed rs2439302 (p = 0.003; OR = 1.266, 95% CI 1.087 – 1.493) 367 
and rs1867277 (p = 1.17E-04; OR = 1.492, 95% CI 1.235 – 1.818) were also significant; this 368 
is the first report in the Japanese population. In contrast, association of rs6982367 could not 369 
be confirmed (p = 0.082; OR = 1.136, 95% CI 0.980 – 1.316). 370 
Comparison of a SNPs’ effect sizes in FA and PTC demonstrated that rs944289 and, 371 
likely, rs2439302 associated with both FA and PTC (phet = 0.646 and 0.324, respectively), 372 




Correlation between rs944289 genotype and relative expression of NKX2-1 and PTCSC3 376 
rs944289 localizes 336 kb centromeric and downstream to NKX2-1, which after the 377 
discovery of an association of rs944289 with thyroid cancer has been initially proposed as a 378 
gene which this SNP may tag (9); the link between NKX2-1 and rs944289 has never been 379 
explored before. Later on, rs944289 was shown to correlate with PTCSC3 expression 380 
localized 3.2 kb downstream of this SNP (11). We examined the relationship of rs944289 381 
with expression of the two genes in the available tissues from patients with PTC. 382 
NKX2-1 expression levels correlated significantly between paired normal and tumor 383 
counterparts (Spearman’s r = 0.419, p = 1.513E-4), but did not differ significantly between 384 
them (p = 0.509; Fig. 1A). PTCSC3 expression also correlated between normal and tumor 385 
tissue (Spearman’s r = 0.331, p = 0.003), yet in contrast to NKX2-1, it was significantly lower 386 
in the latter (p = 3.494E-5; Fig. 1C). 387 
NKX2-1 expression did not associate with the rs944289 genotype in subgroup 388 
analysis (Fig. 1B) and in the regression model (Table 3). For PTCSC3, a statistically 389 
significant decrease in the expression level in tumor tissue was found only in heterozygous 390 
patients (p < 0.01), likely due to the larger sample size of this subgroup (hence, statistical 391 
power), although lower median levels were consistently observed for all genotypes (Fig. 1D). 392 
In the regression model, PTCSC3 expression did not correlate significantly with the rs944289 393 
genotype (Table 3).  394 
 395 
Correlation between rs2439302 genotype and relative expression of NRG1 in PTC 396 
NRG1 expression levels weakly but significantly correlated between the paired tissue 397 
specimens (Spearman’s r = 0.308, p = 0.005), and the level was significantly higher in 398 
normal thyroid as compared to PTC tumor tissue (p = 0.037; Fig. 2A). 399 
rs2439302 is located in intron 1 of NRG1, and may be expected to influence its 400 
17 
expression. Indeed, homozygous carriers of the rs2439302 risk allele G displayed a 401 
significantly lower NRG1 level in both normal thyroid and tumor tissues as compared to 402 
patients homozygous for the common allele C (p < 0.05, Fig. 2B). Furthermore, multivariate 403 
linear regression analysis detected a significant correlation between NRG1 expression and 404 
rs2439302 genotype indicating about 10% decrease in the relative NRG1 expression per each 405 
risk allele in both tumor and normal thyroid tissues (Table 3).  406 
 407 
Relationship between relative expression of PTCSC3 and NRG1, and combination effect 408 
of rs944289 and rs2439302 variants 409 
Ectopic overexpression of PTCSC3 in thyroid cancer cell lines has been reported to 410 
affect several canonical pathways, and neuregulin signaling was the third among top five (p = 411 
9.54E-4) (11). In our PTC series, a concordant decrease of PTCSC3 and NRG1 levels were 412 
observed in tumor tissue as compared to normal thyroid. We therefore examined the 413 
correlation between PTCSC3 and NRG1 expression and found that in both types of tissues the 414 
levels were directly proportional and correlated highly significantly (Spearman’s r = 0.692, p 415 
= 8.266E-13 for normal thyroid, and r = 0.336, p = 0.002 for PTC tumor tissue; 416 
Supplementary Fig.1). 417 
We further assessed whether there is an interaction between rs944289 and rs2439302. 418 
No evidence of an epistatic effect was obtained in regression analysis (p = 0.521 for FA and p 419 
= 0.343 for PTC). However, there were additive effects of the two SNPs, suggesting that 420 
carriers of two or more of risk alleles are at greater risk for both FA and PTC than individuals 421 
with one risk allele (Fig.3). The additive effect of rs944289 and rs2439302 was also 422 
supported by a consistent increase in effect size observed in the subgroups with increasing 423 




Rapid progress in the identification of genetic markers of susceptibility to thyroid 427 
cancer prompted us to investigate their association with not only thyroid malignancy but also 428 
with a benign thyroid tumor, and to examine the relationship between rs944289 and 429 
rs2439302 with expression levels of the genes they may point at: NKX2-1 and/or PTCSC3, 430 
and NRG1, respectively. 431 
We found that rs944289 was associated with both FA and PTC. This SNP is localized 432 
in the intergenic region of chromosome 14q13.3, and was initially proposed to possibly tag 433 
the thyroid-associated NKX2-1 gene (9). NKX2-1 encodes thyroid transcription factor 1 434 
(TTF1), a key regulator of thyroid, lung and brain morphogenesis (23). A relationship 435 
between reduced expression of Nkx2-1 and thyroid tumors was established in Nkx2-1 436 
thyroid-conditional-hypomorphic mice treated with a nitrosamine-based carcinogen followed 437 
by sulfadimethoxine as a promoter, in which an increased incidence of FA was observed (24). 438 
In humans, our analysis showed no evidence of a correlation between rs944289 and NKX2-1, 439 
and of differential expression of the gene in normal and PTC tissues, indicating that this SNP 440 
is unlikely to point at NKX2-1 as at a risk factor for thyroid tumorigenesis. 441 
In an independent functional study, rs944289 was shown to regulate expression of 442 
PTCSC3, a lincRNA gene with tumor suppressor properties in thyroid cancer cell lines (11). 443 
PTCSC3 expression was significantly downregulated in PTC as compared to normal thyroid 444 
in our series, in line with the mentioned study. Restoration of PTCSC3 expression in cell 445 
lines inhibited cell growth and affected the expression of genes corresponding to three 446 
networks: i) DNA replication, recombination and repair, gene expression, amino acid 447 
metabolism, ii) cellular movement, tumor morphology, cell death, and iii) cellular assembly 448 
and organization, cellular function and tissue morphology (11). Of note, all these ontological 449 
categories except for cell motility are well applicable to both malignant and benign tumors.  450 
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The risk allele of rs944289 [T] was shown to disrupt the C/EBPα and C/EBPβ 451 
transcription factors’ binding site in the PTCSC3 promoter, and a significant difference in 452 
PTCSC3 expression was found between [TT] homozygotes and heterozygous [CT] patients 453 
(11). In our work, we could not detect a correlation between rs944289 genotype and PTCSC3 454 
expression. A possible explanation could be that rs944289 is not the only regulatory element 455 
of PTCSC3; there may be another SNP or a polymorphism of a different type in linkage 456 
disequilibrium with rs944289 that affects PTCSC3 expression.  457 
A significant association of rs2439302 located in the NRG1 intron and risk for PTC 458 
and, likely, with FA was a novel finding in the Japanese population. After the initial report in 459 
thyroid cancers (12), replication studies have been performed in patients with PTC from 460 
Poland and the USA (25), and in a Chinese cohort (19). All studies were concordant in 461 
confirming an association of rs2439302 with PTC. However, no signs of association were 462 
found with benign thyroid nodules in the Chinese study (p = 0.7779) (19). The reasons for 463 
the discrepancy between the latter and our work could be that rs2439302 may associate with 464 
FA but not with hyperplastic nodule, or it may stem from ethnic differences in the genetic 465 
predisposition between the two populations. 466 
The relative expression of NRG1 was found to be decreased by approximately 10% 467 
per each allele [G] of rs2439302 in both normal and tumor counterparts of PTC. NRG1 468 
expression was overall lower in tumor tissue and tended to be lower in tumor tissue as 469 
compared to normal thyroid for all rs2439302 genotypes. Mechanistically, this tendency 470 
could be explained by the fact that rs2439302 localizes within the CTCF (CCCTC-binding 471 
factor, a transcription factor) binding region as observed in several cell lines of non-thyroid 472 
origin (19). CTCF expression is decreased in thyroid cancer tissues, which may cause 473 
corresponding downregulation of NRG1. Alternatively, our in silico analysis suggested that 474 
NRG1 suppression in PTC may be the result of RXR/VDR (Retinoid X receptor/Vitamin D 475 
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receptor) biding to negative vitamin D response elements (nVDREs) modulated by both 476 
rs2439302 and excessive RXRG and VDR levels in tumor tissues (Supplementary Fig. 2). 477 
However, additional experiments are needed to test this hypothesis.  478 
Interestingly enough, the PTSC3 and NRG1 pathways appear to be interrelated, at 479 
least in PTC (FA tissues of appropriate quality were not available for the study). In agreement 480 
with the previous work (11), we observed a significant positive correlation between the two 481 
genes. The mechanism by which PTCSC3 modulates NRG1 expression remains unknown. 482 
NRG1 is a HER3 ligand; it can activate proliferative and survival MAPK and AKT signaling 483 
pathways under conditions causing HER2/HER3 dimer induction in thyroid cancer cells (26). 484 
The definite association of PTCSC3 and suggestive association of NRG1 with FA obtained in 485 
our investigation imply that the pathways affected by PTCSC3 derangement are functioning 486 
not only in cancer but may also play certain role in the development of benign thyroid tumors. 487 
In contrast to rs944289 and rs2439302 (PTCSC3 and NRG1, respectively), which 488 
associated with both PTC and FA, the two SNPs in the FOXE1 locus on chromosome 489 
9q22.33, rs965513 and rs1867277, associated with a risk for PTC. The relationship of 490 
FOXE1 to thyroid cancer may additionally be illustrated by immunohistochemical studies of 491 
FOXE1 expression in thyroid tumors (27-29). There has been a profound difference between 492 
staining patterns in different types of neoplastic tissues. Cytoplasmic FOXE1 staining was the 493 
strongest in medullary thyroid carcinoma, followed by PTC, then FTC and the weakest in FA. 494 
Thus, cytoplasmic translocation of FOXE1 appears to be a phenotypic hallmark of thyroid 495 
cancer.  496 
An association between rs6983267 located on chromosome 8q24 (upstream of 497 
POU5FB1) and FA was not detected. We also could not replicate an association with PTC in 498 
the Japanese population, yet the effect direction (OR = 1.136) was the same as in individuals 499 
of European ancestry (15, 17), and an association signal of borderline significance (p = 500 
21 
0.082) was noted. A plausible reason for the negative finding could be insufficient statistical 501 
power achievable with the available PTC series. Our results, therefore, do not rule out the 502 
possibility of an association of rs6983267 with thyroid cancer in the Japanese population and 503 
need to be reexamined in a larger sample. It is also worth noting that despite no significant 504 
associations with FA were detected for rs965513 and rs1867277 (FOXE1), and rs6983267 505 
(POU5FB1), their effects (in terms of ORs) were generally consistent between FA and PTC 506 
(Table 2), suggesting that these SNPs might also affect predisposition to FA to some extent, 507 
but their contribution is weaker compared to that seen in thyroid cancer. 508 
In conclusion, our study demonstrates that a common genetic variant, rs944289 509 
(PTCSC3), previously reported to be associated with thyroid cancer, also associates with FA. 510 
rs2439302 (NRG1) displayed a suggestive association with FA and its expression level 511 
correlated with that of PTCSC3. This indicates that the mechanisms mediated by PTCSC3 512 
and NRG1 are likely to play roles not only in carcinogenesis but more broadly in thyroid 513 
tumorigenesis. SNPs in the FOXE1 locus (rs965513, and rs1867277, the latter was which is 514 
newly genotyped in the Japanese population) are definitely associated with the risk for 515 
thyroid cancer. 516 
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Table 1. Demographic characteristics of study participants 650 
 Total Males Females % Females Age range, y.o. Age, mean ± SD 
FA 959 132 827 86.2  9 – 87 a 48.2 ± 16.0 
PTC 545 84 461 84.6 13 – 87 a 51.2 ± 15.8 
Controls 2766 1019 1747 63.2 20 – 79 b 50.1 ± 15.4 
 651 
a Age at diagnosis 652 
b Age at sampling 653 
29 
Table 2. Association analysis for SNP markers in the Japanese FA and PTC series 654 
 655 
SNP 
Allele a Chr Nearest Frequency of variant allele              Association FA             Association PTC         phet d 
Ref Var   gene FA PTC Ctrl     OR (95% CI) b      p      OR (95% CI) b      p   
rs965513 A* G 9q22.33 FOXE1 0.064 0.090 0.057 1.111 (0.885–1.389) 0.370 1.587 (1.235–2.000) 4.21E-04 0.026 
Sample      931 517 2671      
rs944289 C T* 14q13.3 PTCSC3 0.455 0.465 0.409 1.176 (1.064–1.316) 0.002 1.234 (1.075–1.408) 0.003 0.646 
Sample      918 505 2682     
 
rs2439302 G* C 8p12 NRG1 0.224 0.242 0.195 1.149 (1.010–1.315) 0.033 c 1.266 (1.087–1.493) 0.003 0.324 
Sample      933 535 2724     
 
rs1867277 A* G 9q22.33 FOXE1 0.116 0.155 0.110 1.086 (0.917–1.276) 0.351 1.492 (1.235–1.818) 1.17E-04 0.010 
Sample      936 513 2724     
 
rs6983267 G* T 8q24 POU5FB1 0.341 0.368 0.341 1.010 (0.901–1.124) 0.880 1.136 (0.980–1.316) 0.082 0.191 
Sample      901 486 2759      
 656 
a The reference (Ref) and variant (Var) alleles according to NCBI Build 37.5; the risk allele is indicated with an asterisk 657 
b Odds ratio (OR) was calculated for the risk allele with a confidence interval (CI) of 95% 658 
c p = 0.082 after correction for multiple testing (FDR) 659 
d Heterogeneity of the OR between FA and PTC, the Breslow-Day test 660 
30 
Table 3. Relationship between genotype and gene expression level a 661 
SNP Gene 
Normal thyroid       Tumor tissue 
B b 95% CI c p B b 95% CI c p 
rs944289 NKX2-1    0.092 -0.180 – 0.364 0.503 0.291 -0.015 – 0.596 0.062 
 PTCSC3 -0.267 -0.873 – 0.339 0.382 0.308 -0.095 – 0.711 0.133 
rs2439302 NRG1 -0.109 -0.179 – 0.039  0.003 -0.096 -0.157 – 0.036  0.002 
 662 
a Multivariate linear regression analysis, the additive model adjusted for age and sex 663 
b B-coefficient in the model 664 
c 95% confidence interval for B 665 
31 
Figure legends 666 
 667 
Figure 1. Relative NKX2-1 and PTCSC3 expression in normal thyroid (open boxes) and 668 
PTC tumor (hatched boxes) tissues. (A and C) Comparison of 81 paired tissue samples; 669 
asterisk indicates significant difference (p = 3.494E-5 by Wilcoxon matched-pairs 670 
signed-ranks test). (B and D) Relative expression by rs944289 genotype; double asterisk 671 
indicates significant difference (p < 0.01 by Kruskal-Wallis test). The bottom and top 672 
lines of the box represent the values corresponding to the 25th and the 75th percentiles, 673 
respectively; the line inside the box represents the median; the range shown by the 674 
whiskers corresponds to the 1tst and the 99th percentiles. 675 
 676 
Figure 2. Relative NRG1 expression in normal thyroid (open boxes) and PTC tumor 677 
(hatched boxes) tissues. (A) Comparison of 81 paired tissue samples; asterisk indicates 678 
significant difference (p = 0.037 by Wilcoxon matched-pairs signed-ranks test). (B) 679 
Relative NRG1 expression by rs2439302 genotype; double asterisk indicates significant 680 




Figure 3. Joint effect of risk alleles of rs944289 (PTCSC3) and rs2439302 (NRG1). 684 
Distributions of risk alleles were analyzed with the Chi-square test in patients with FA 685 
or PTC and in the control individuals with known genotypes for both SNPs. The 686 
differences in allele counts between patients and controls in the subgroups with two or 687 
more risk alleles are shown in comparison with corresponding subgroups with zero risk 688 
alleles. 689 
 690 
Supplementary Figure 1. Correlation between relative PTCSC3 and NRG1 expression in 691 
normal thyroid and PTC tumor tissues. Solid lines are linear best-fit; departure from 692 
linearity was insignificant, p > 0.2 in both analyses. Normal thyroid tissue: slope = 693 
0.086 ± 0.012 (standard error), p = 1.568E-10. PTC tumor tissue: slope = 0.085 ± 0.017, 694 
p = 2.692E-6. 695 
 696 
Supplementary Figure 2. DNA sequence around rs2439302. RXR/VDR (Retinoid X 697 
receptor/Vitamin D receptor) binding site is shown in bold. [S] denotes the rs2439302 698 
G/C polymorphism. Boxed are putative negative vitamin D response elements 699 
(nVDREs). 700 
33 
Using the MAPPER database (s1), rs2439302 was found to reside in a suboptimal but 701 
identifiable RXR/VDR binding site, and that nonrisk allele [C] disrupts it. RXR/VDR 702 
heterodimers are transcription factors occurring in multisubunit complexes that can 703 
stimulate or repress gene expression involved in diverse biological processes. A 704 
bioinformatic search of three pooled sets of expression microarray data (s2-s4) in the 705 
Oncomine database (https://www.oncomine.org/) revealed that the expression of RXRG 706 
(Retinoid X receptor gamma) is 1.7-8.6-fold (p = 6.92E-9) and VDR is 1.2-1.9-fold (p = 707 
0.003) increased in PTC as compared to normal thyroid. RXRG upregulation in PTC and 708 
thyroid cancer cell lines has been also reported in other works (s5,s6). Several putative 709 
nVDREs in the rs2439302 area could be identified, one of which overlaps with the SNP. 710 
Enhanced binding of RXRG/VDR to it might explain both genotype-dependent and 711 
overall downregulation of NRG1 expression in PTC.  712 
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Supplementary Table 1. Number of successfully genotyped samples and corresponding call 755 
rates in the groups of Japanese patients with follicular adenoma, papillary thyroid 756 
carcinoma, and in population controls 757 
 758 
SNP    TaqMan    FA 
a   PTC a  Controls 
primer/probe set  N=959 b  N=545 b  N=2766 b 
rs965513 C_1593670_20 931 (0.971) c 517 (0.949) 2764d (0.999) 
rs944289 C_1444137_10 918 (0.957) 505 (0.927) 2766d (1.0) 
rs2439302 C_16238367_10 933 (0.973) 535 (0.982) 2766e (1.0) 
rs1867277 C_11736668_10 936 (0.959) 513 (0.941) 2724e (0.985) 
rs6983267 C_29086771_20 901 (0.940) 486 (0.892) 2759e (0.997) 
 759 
a Genotyped using TaqMan assay 760 
b The maximal number of samples in the group 761 
c Here and throughout the table: the number of samples with genotype calls and (call rate) 762 
d Extracted from in-house genome scan database 763 








Supplementary Table 2. Primers for real-time quantitative PCR analysis and amplicon size 771 
 772 
Gene Gene ID Primer 
direction 
Primer sequence Amplicon 
size, bp 
NRG1 3084 Forward 5’-GATTCAAGTGGTTCAAGAATGGGAA-3’ 134 
  Reverse 5’-CATATACTCTCCAGAATCAGCCAGTGA-3’  
NKX2-1 7080 Forward 5’-CATGAGGAACAGCGCCTCT-3’ 114 
  Reverse 5’-CCCATGCCGCTCATGTT-3’  
PTCSC3 100886964 Forward 5’-AGCTCCCAGGGAGATTAATGCA-3’ 99 
  Reverse 5’-GGGAGGCCAAGGTGGGAA-3’  
POLR2A 5430 Forward 5’-GCCCGCTGCGCACCATCAAG-3’ 117 
  Reverse 5’-GGCGGCCTCCCTCAGTCGTC-3  
 773 
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Supplementary Table 3. Effect size in case-control subgroups with different numbers of risk-associated alleles of  774 
rs944289 (PTCSC3) and/or rs2439302 (NRG1) in FA and PTC 775 
 776 
Number of  
Controls 
 FA   PTC  
risk alleles Patients OR (95% CI)        p a Patients OR (95% CI)       p a 
0 599 180 1.000 Reference 84 1.000 Reference 
        
1 1093 331 0.992 (0.807-1.221) 0.984 196 0.782 (0.595-1.029) 0.091 
        
2 754 305 1.346 (1.088-1.666) 0.007 157 1.485 (1.116-1.976) 0.008 
        
≥3 196 92 1.562 (1.159-2.106) 0.004 65 2.365 (1.647-3.396) <1E-4 
 777 
a Calculated with the Chi-square test for the allele counts in subgroups of patients and controls with one or more risk alleles as compared to 778 
corresponding subgroups with zero risk alleles 779 
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